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Systems under Investigation with
Neutron Scattering

Oxides
CMR systems, Multiferroics (La-CaMnO;, HoMnO;)
Iron-based Superconductors (La(O-F)FeAs)
Magnetic Order and Fluctuations in Cuprates (e-doped)
Cobaltates (Na,Co0O,) Just add water for Superconductivity

Other Systems
Magnetic Superconductors (e.g. RNi,B,C, RuSr,GdCu,Oy)
Heavy Fermion Materials (CeRhIn,, PrOs,Sb,,, ...)
Non-Fermi Liquids (UCug_Pd,, Sc, U Pd,)
Vortex Lattice/Melting in Superconductors (Nb)
Frustrated Magnets

— http://www/ncnr.nist.gov/staft/jeft




Magnetic Superconductor History

Pure Superconductors
Magnetic Impurities
Concentrated Magnetic Systems (Exceptions to the Rule!)
C-15 Cubic Laves phase (Ce-Ho)Ru, (°60’s->70’s)
Magnetic Sublattice—Long Range Order
Chevrel Phase DyMoSq (°70’s)

Ferromagnets—Competition & Coexistence
— Chevrel Phase HoMo(S-Se),, ErRh,B, (°70’s)

High T, cuprates—Cu spin order & fluctuations
Cuprates RBa,Cu;0,, R,CuO, (’80’s—...) =

Borocarbides
— HoNi,B,C, ErNi,B,C (*90’s—>...)
New Ferromagnetic Superconductors
— Ruthenates RuSr,GdCu,Og, RuSr,(Eu-Ce),Cu,0,,; ZrZn,, UGe, (2000 —...)
Sodium cobaltates (Magnetic, thermoelectric, and Superconducting)
— Na,CoO, (+ H,0)
Iron-based superconductors <=
— R(O,,F,)FeAs
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Magnetic Structures

Ferromagnet

btotttt

Antiferromagnet + 4 l +

Spin Density Wave WN



Ferromagnetic Superconductors

(Ce-Ho)Ru,
HoMo,S, , HoMoSe, , ErRh,B,
ErNi,B,C
RuSr,GdCu,0, & RuSr,Eu,  Ce Cu,0,

UGe, ZrZn,, URhGe, C/S



Chevrel Phase Superconductors

HoMo.S,, HoMoSe,,
[((HoS¢;)Mo, Magnetic Lattice Isolated]

T, .=18K 5.6 K

super

T...= 0.7K 0.5K

T =0.7K <0K

reentrant



HoMo S,

Small Angle Neutron Scattering



HoMoS, Order Parameter

Sol. St. Comm. 26, 493 (1978); Phys. Rev. Lett. 46, 368 (1981);
J. de Physique Lettres 42, .45 (1981); Phys. Rev. B24, 3817 (1981).



HoMoSe,

T=5.6 K

T,~0.5K

Small Angle Neutron Scattering



HoMo,Se,

T=0.286 K
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Ferromagnetic Superconductor
RuSr,GdCu,Oq

« TRu)=135K
e T(Superconductivity) =35 K

. T(Gd)=2.5K

e J. W. Lynn, B. Keimer, C. Ulrich, C. Bernhard, and J. L.

Tallon, Phys. Rev. B61, 14964 (2000)



Cuprate (High T-) Superconductors



Cu chain




Cuprate Smpdecooohacioets

*Undoped Systems

Qualitative Failure of Band Theory
Highly Correlated Electron Systems
Mott Insulators

Quantum Spins (S=1/2)

Low dimensional magnetism



Cu Magnetic Order
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NCRB
Structure: Diffraction (2); SANS (3); _—_—
Reflectometry (3) FaC| I |t| S

Dynamics: TAS (5+1); TOF (1); Spin Echo (1)

Prompt-y (2); Depth Profile (2); Topography (2);
Activation Analysis; Fundamental Properties (3)--Interferometry
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Spin-waves in a typical system with an
ordering temperature of ~RT

Lag g5515 1sMnO;

Energy [meV]

e

08 06 04 02 0 02 04 05 08 1
q(0, €. 0) q9(0, 0, ©)

L. Vasiliu-Doloc, J. W. Lynn, A. H. Moudden, A. M. de Leon-Guevara, and A. Revcolevschi,
Phys. Rev. B58, 14913 (1998).




Spin-waves in the parent compounds of single layer
hole-doped high-T,. superconductors

Energy (meV)

(3/3,1/4) (1/2,1/2)  (1/2,0) (3/4,1/4) (1,0) (1/2,0)

La,CuQ, : R. Coldea et a/. PRL 86 (2001) 5377



High T Superconductors

*Undoped Systems

Qualitative Failure of Band Theory
Highly Correlated Electron Systems
Mott Insulators

Quantum Spins (S=1/2)

*Doped Systems

S=1/2, square lattice—2d Quantum Percolation
O. P. Vajk, et al. Science 295, 1691 (2002);
P. K. Mang, et al. Phys. Rev. Lett. 93, 027002 (2004)

Change electron count:
metallic
then superconducting
then normal Fermi liquid behavior in overdoped regime



Cuprate (High T.) Superconductors

Hole-doping  Electron-doping
RBa,Cu,0, R,Cu0,
ErBa,Cu,0; (Sm-Ce),CuO,

Tagmeic = 525K 280K
T, .= 92K 25K

“super

T =0.5K 6 K

-rare earth

YBa,Cu,0,  YBCO

High Temperature Superconductivity,
ed. by J. W. Lynn (Springer-Verlag, 1990) .



ELECTRON-HOLE SYMMETRY (QUALITATIVE)
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Coexistence of SDW and
superconductivity in (La-Sr),Cu0O,

Tamperatum (K)

1] 10
Magnetic fiald (T)

Magnetic field
enhances the SDW
at the expense of
superconductivity.

Effect starts to
occur below T..

Suggest SDW
competes with
superconductivity.

B. Lake, et al.,
Nature 415, 299
(2002).



0
(3/2,1/4) (1/2,1/2) (1/2



Spin fluctuations In single layer Las 3 SECUO;

Low-energy spin fluctuations are
iIncommensurate—split away from (1/2,1/2).

o Is proportional to T..
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Universality in hole-doped high-Tc cuprates

a La1.908r0.100uo4

® La, g.Ba,,Cu0,

v La1.84sr0.160uo4

| YBazCuaoa5

0 YBa,Cu,0, 4 J. Tranquada, J. de
| Physique 131, 67 (2005).




Electron-doped cuprate superconductor

AF Net Mag.
To.=25K

H. J. Kang, Pengcheng Dai, J. W. Lynn, M. Matsuura, J. R. Thompson, Shou-
Cheng Zhang, D. N. Argyriou , Y. Onose & Y. Tokura, Nature 423, 522 (2003).




Induced moment first increases and then
decreases




Soln Fluciuztions in Pry oLaCe ,Cu0),

J=161.9 =13 meV, J =0 meV (E > 100 meV)
La,Cu0, (J=104 meV, J=-18 meV)
mmmm  Pr,Cu0, (/=121 meV, J=0 meV)

Energy (meV) \ f [-H+0.5,H+0.5] (r. L u)
-0.2 0.

20 40 60 80 0.0




Lows-anaregy soin 2xsittions in PLCCO (T, =24 K
2y Cornmansurais

Temperature (K)
20 40 80

® T=2K

® T=30K
@ T=55K

E =0.5 meV

°Bs2E352
(norw g0 L% g
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5 m.c.u.) (~10 min)
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Tamoeraiure zincl
anargy deoericlsnes
Of ine seaitarine
airouniel ‘L0 maV ior
PLCCO (Te = 24 ),
Consisiani Witn
rasornanes in rnols-
cloocd meiarials,

S. D. Wilson, P. Dal, S. L1, S. Chi, H. Kang, & J. W. Lynn,
Nature 442, 59 (2006).



[h, A, 0] (Ehu.)




SOMNEPICIUREIRSPINIEXCItaticnSIMreugh
SUPErconducting=nermmal phasSertianSItieniS:

There is a direct competition between superconducting phase
without AF order and the AF phase without superconductivity.



Iron-based superconductors
under Investigation with

Neutron Scattering
LaO, F FeAs (1:1:1:1)

I-x* x

CeO, F_FeAs

I-x* x

NdO, F.FeAs

I-x* x

PrO,_ F, FeAs

Bake,As, SrkFe,As, (1:2:2)
CaFe,As,, Under Pressure
Fe(Se-Te) (1:1)

http://www/ncnr.nist.gov/staff/jeft



Collaborations

U. Tennessee/ORNL (Pengcheng Dai, et al.)
LANL (We1 Bao, et al.)

Beijing Institute of Physics

(Nan Ling Wang, et al.; X. H. Chen, et al.)
Princeton University (Bob Cava, et al.)

Iowa State University/Ames Lab (Alan Goldman, Paul
Canfield, Rob McQueeney, et al.)

NCNR (Qing Huang, William Ratcliff, Ying Chen,
Sung Chang, Ben Ueland, Mark Green)

http://www/ncnr.nist.gov/staft/jeft



Properiies of RE(O,F)Fe(As,P)

e Parent Materials
Metallic (poor metal)
Anisotropic (ranging from 5 — 30)

Have a structural distortion (T ~ 150 K)

Fe spins are antiferromagnetically ordered (T~ 140 K)
® Superconductors

T-as highas 55K

Anisotropic

Very high upper critical ﬁelds-




Crystal Structure of
La(O,F)FeAs

Magnetic Order Close to Superconductivity in the Iron-based Layered La(O,_F,)FeAs systems,
C. de la Cruz, Q. Huang, J. W. Lynn, J. Li, W. Ratcliff II, J. L. Zarestky, H. A. Mook, G. F. Chen, J. L. Luo,
N. L. Wang, and P. Dai, P. Dai, Nature 453, 899 (2008).



Crystal Structure of
La(O,F)FeAs



Crystal Structure of
La(O,F)FeAs



Crystal Structure of
La(O,F)FeAs



Magnetic Scattering from
La(O,F)FeAs

PSD on
BT-7



Magnetic Scattering from
La(O,F)FeAs

PSD on
BT-7



Magnetic Structure
La(O,F)FeAs



Magnetic Structure of
La(O,F)FeAs



Magnetic Structure
La(O,F)FeAs



La(O,F)FeAs

Magnetic Order Close to Superconductivity in the Iron-based Layered La(O,_
I )FeAs systems, C. de la Cruz, Q. Huang, J. W. Lynn, J. L1, W.  Ratcliff
II, J. L. Zarestky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. Wang, and P. Dai,
P. Dai, Nature 453, 899 (2008).

Intrinsic Properties of Stoichiometric LaOFeP, T. M. McQueen, M. Regulacio,
A.J. Williams, Q. Huang, J. W. Lynn, Y. S. Hor, D.V. West, and R. J. Cava,
Phys. Rev. B78, 024521 (2008).

Neutron scattering study of the oxypnictide superconductor LaO,, ¢-F, ;;FeAs,
Y. Quu, M. Kofu, Wei Bao, S.-H. Lee, Q. Huang, T. Yildirim, J. R. D. Copley,
J. W. Lynn, T. Wu, G. Wu, and X. H. Chen, Phys. Rev. B 78, 052508 (2008).

Doping Evolution of Antiferromagnetic Order and Structural Distortion in
LaFeAsO,_ F,, Q. Huang, J. Zhao, J. W. Lynn, G. F. Chen, J. L. Lou, N. L.
Wang, and P. Dai, Phys. Rev. B 78, 054529 (2008).



Properiies of Nd(O,F)FeAs
To=52K

® Magnetic Order of the Iron Spins in NdOFeAs, Y. Chen, J.
W. Lynn, G. F. Chen, G. L1, Z. C. L1, J. L. Luo, N. L.
Wang, P. Dai, C. dela Cruz, and H. A. Mook, Phys. Rev.
B78, 064515 (2008).

e Structure and Magnetic Order in the NdFeAsO,_ F,
Superconductor System, Y. Qiu, W. Bao, Q. Huang, T.
Yildirim, J. M. Stmmons, M. A. Green, JJW. Lynn, Y.C.
Gasparovic, J. L1, T. Wu, G. Wu, and X.H. Chen,

(submitted).



NdOFeAs



NdOFeAs

(002) nuclear peak

Polarized Beam (P||Q (squares) and P_LQ (diamonds))



NdOFeAs Structure



NdOFeAs



NdOFeAs Structure



Properties of Pr(O,F)FeAs

e [Lattice and Magnetic structures of PrEeAsO,
PrFeAsQO, ¢sF, s and PrFeAsO 45, Jun Zhao, Q. Huang,
Clarina de la Cruz, J. W. Lynn, M. D. Lumsden, Z. A. Ren,
Jie Yang, Xiaolin Shen, Xiaoli Dong, Zhongxian Zhao,
and Pengcheng Dai, Phys. Rev. B (submitted)



PrOFeAs



PrOFeAs



Doping Dependence of
La(O,F)FeAs

® Doping Evolution of Antiferromagnetic Order and
Structural Distortion in LaFeAsO,_F,, Q. Huang, J. Zhao,
J. W. Lynn, G. F. Chen, J. L. Lou, N. L. Wang, and P. Dai,
Phys. Rev. B 78, 054529 (2008).
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Doping Dependence of
Ce(O,F)FeAs

e Structural and Magnetic Phase Diagram of CeFeAsO,_F,
and 1ts Relationship to High-Temperature
Superconductivity, J. Zhao, Q. Huang, C. de al Cruz, S. Li,
J. W. Lynn, Y. Chen, M. A. Green, G. F. Chen, G. L1, Z.
C. L1, J. L. Luo, N. L. Wang, and P. Dai, Nature Materials
(submitted).



Magnetic Structure of
Ce(O,F)FeAs



Fe Magnetic Structure of
Ce(O,F)FeAs



Ce Magnetic Structure of
Ce(O,F)FeAs



Phase Diagram of Ce(O,F)FeAs

J. Zhao, Q. Huang, C. de la Cruz, S. Li, J. W. Lynn, Y. Chen, M. A.
Green, G. F. Chen, G. L1, Z. L1, J. L. Luo, N. L. Wang, and P. Dai,
Nature Materials (submitted).



General T dependence for
optimally doped RE(O,F)FeAs



Ce Crystal Fields in CeO, Fe As

® The crystalline electric field as a probe for long range
antiferromagnetic order and superconductivity in
CeFeAsO,_F, S. Chi, D. T. Adroja, T. Guidi, R. Bewley,
Shliang L1, Jun Zhao, J. W. Lynn, C. M. Brown, Y. Qiu,
G. F. Chen, J. L. Lou, N. L. Wang, and Pengcheng Dai,

(preprint).






CeOFeAs



Crystal Field Levels in CeOFeAs



CeOFeAs



Superconductor Linewidth vs. T



(Ba, Ca, Sr)Fe,As, Systems



Magnetic and
Crystal
Structures of
(Ba,Sr,Ca)Fe,As,
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Single Crystal SriFe,As,

Spin and Lattice Structure of Single
Crystal SrFe,As,, Jun Zhao, W. Ratcliff-
IT, J. W. Lynn, G. F. Chen, J. L. Luo, N.
L. Wang, Jiangping Hu, and Pengcheng
Dai, Phys. Rev. B (accepted).



SrFe,As,
Magnetic

Structure



SriFe,As,



Inelastic Scatiering
Spin Waves
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Spin Waves In SrFe,As,

Low energy spin waves and magnetic interactions in SrFe,As,, Jun Zhao, Dao-Xin Yao,
Shiliang Li, Tao Hong, Y. Chen, S. Chang, W. Ratcliff I, J. W. Lynn, H. A. Mook, G. F. Chen,

J. L. Luo, N. L. Wang, E. W. Carlson, Jiangping Hu, and Pengcheng Dai, Phys. Rev. Lett.
(submitted).



CaFe,As, Systemn

® Squeezing the Magnetism out of Superconducting
CaFe,As,—a Volume and Moment “Collapsed”
Superconducting Phase,

A. Kreyssig, M. A. Green, Y. B. Lee, G. D. Samolyuk, P.
Zajdel, J. W. Lynn, S. L. Bud’ko, M. S. Torikachvili, N.
Ni, S. Nandi, J. Ledo, S. J. Poulton, D. N. Argyriou, B. N.
Harmon, P. C. Canfield, R. J. McQueeney, and A. 1.
Goldman, Nature (submitted).
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Overall Summary

< Magnetic Superconductors have a rich and interesting
history, ranging from “shouldn’t have magnetic spins in the
lattice” to “must have magnetic spins in the lattice”

<For Cuprate Superconductors, the Cu spin dynamics provide
the needed high energy scale. The magnetic resonance 1s
directly tied to the superconducting state for both hole and
electron-doped cuprates.

<the 1ron-based superconductors exhibit a similar phase
diagram to the cuprates. The ‘parent’ systems exhibit a
ubiquitous structural transition, below which long range
antiferromagnetic occurs. The magnetic energetics is ~200
meV, also similar to the cuprates. The possible role of spin
fluctuations 1n the superconducting pairing 1s to be determined
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